Abstract-Dielectric high-contrast sub-wavelength grating (SWG) structures have received much attention in recent years, offering a new paradigm for the integration of optical systems. Their nanoscale resonant properties can result in a complex and unintuitive far-field behavior that, if carefully crafted, allows the full control of the optical phase front from a thin subwavelength planar layer. To date, experimental demonstrations of these new devices have only been realized with polarized light in a reflective mode, greatly limiting their use for practical systems. In this letter, we demonstrate a highly efficient, sub-wavelength thick, transmissive grating lens configuration using symmetrical resonant posts to achieve polarization-independent operation. Our transmissive SWG lenses are easily fabricated using lowcost scalable semiconductor process technology. To illustrate their performance, we demonstrate the generation of high-order orbital angular momentum beams and their use in an optical mode-isolator application that achieves a suppression ratio of over 25 dB.
I. INTRODUCTION
A CCORDING to the principles of Effective Medium Theory (EMT) [1] - [4] a dielectric grating with a period much smaller than the wavelength of light behaves like a homogeneous dielectric with an effective refractive index that depends primarily on the local duty cycle and period. Varying these local parameters across the grating results in a spatially modulated effective index. This feature can be used to bend the wavefront of a transmitted beam in the same way as traditional refractive elements such as lenses and prismsalbeit using a flat, ultra-compact geometry. Although the use of sub-wavelength gratings (SWG) for lensing applications was first proposed over 20 years ago [5] , today SWG lenses remain largely a laboratory curiosity without real industrial applications. Most designs proposed to date [6] - [8] follow the prescriptions of EMT and use grating features that are much smaller than the wavelength of light (or the structural cutoff [7] ) to insure that only one mode propagates inside the grating, giving an effective index that varies smoothly with the local geometry. These designs require grating features with very large aspect ratios (typically 10:1), making their fabrication challenging and not suitable for mass production. Recently several groups [9] - [12] have started exploring a different region of the parameter space for sub-wavelength grating diffractive optics. In this "resonant" regime, the refractive index of the grating is large compared to the index of the substrate and cover materials and the grating structures is large enough to allow internal multi-mode propagation, but still small enough to prevent the external propagation of non-zero diffraction orders. In this regime, the interaction of light with the grating becomes a complex process with a high sensitivity to the local geometry not predicted by EMT. High contrast gratings can be structured to be near-perfect reflectors [10] offering novel ways to manipulate polarized light wave-fronts in the reflective mode [6] , [11] , and [13] .
In this letter we show that resonant high-contrast gratings can also be designed to build transmissive optical elements, using a hexagonal array of circular silicon posts on a glass substrate. We show that for a specific value of post height and pitch, increasing the post diameter causes the waveguiding to transition from single to multi-mode. This transition is accompanied by an abrupt change in the transmitted phase while maintaining a high transmission. We give explicit design rules to engineer an arbitrary (polarization-preserving) phase front transformation at a wavelength of 850 nm, with a maximum post aspect ratio of 4:1, and theoretical efficiencies above 90% (depending on the exact design). Our experimental system consists of a low-loss amorphous silicon layer deposited and patterned on a glass substrate. This material system lends itself to the stacking of a large number of optical elements with lithographic precision on virtually any transparent substrate. The design method can be applied to any wavelength in the visible or near-IR as long as the grating material retains a high index and low optical loss. Fig. 1a ) illustrates the transmission coefficient of a periodic hexagonal array of silicon posts at 850 nm wavelength, for a post height t = 475 nm, post center-to-center distance (pitch) = 390 nm, and varying post diameter. The transmitted phase varies abruptly as a function of duty cycle-the ratio of the post diameter to the inter-post distance-in the range of 40% to 60%, corresponding to the multimode transition of individual posts. Overall, a 2π phase shift can be obtained by varying the duty cycle in the reduced range of 30-66%. We use this simulation result as a map that relates duty cycle to the desired local transmitted phase in our grating lens design. The rationale for this correspondence relies on the same argument developed in our earlier work on reflective gratings [14] : the light traversing the grating tends to localize in the high index 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. silicon posts, so that its near-field transmission properties are only slightly perturbed by the size variation of neighboring posts. Fig. 1b) shows the result of an FDTD simulation of an "aspheric" lens with a diameter of 20 μm, focal length of 10 um and large numerical aperture (NA) of 0.7. Of the input light, 93% is concentrated in a diffraction-limited spot in the focal plane and 5% of the light is reflected. The post distribution features some lines of discontinuities reminiscent of a Fresnel lens design. This causes the focal length to have a 1/λ dependence and results in severe chromatic aberrations (10-100 times more pronounced than in a typical refractive system).
II. EXPERIMENTAL DEMONSTRATION
To demonstrate the versatility of our silicon lens technology, we fabricated and tested a large number of grating lens elements with various phase profiles at a design wavelength of 850 nm, from a simple aspheric focusing element to more complex "vortex" lenses able to change the orbital angular momentum (OAM) of the transmitted beam. The lenses were probed using an expanding Gaussian-like beam from a single mode fiber.
The sample consists of a glass substrate with 480 nm of amorphous silicon (a-Si) deposited via plasma-enhanced chemical vapor deposition (PECVD). The sample was then coated with 2 nm of evaporated Cr to serve as a charge compensation layer and then spin-coated with 120 nm of HSQ negative resist. After exposure with e-beam lithography, the sample was developed in MF319 developer for 60 seconds with gentle agitation, then placed in a 1:9 ratio of MF319:distilled water bath for 15 seconds, and then rinsed with distilled water. Finally, the a-Si posts were defined by reactive-ion etching (RIE) with HBr/O 2 followed by removal of the Cr layer using CF4/H2 RIE etch. In addition to lenses made with this e-beam lithography process, we have used an ASML PAS 5500/300 DUV Stepper to produce lenses that are resonant at a wavelength of 1550 nm. The DUV lenses show high efficiency (>70%) across a full 4 inch wafer. This will be our future approach towards large-scale production and the subject of a future publication. Fig. 2a) shows the SEM micrograph of a standard aspheric grating lens, defined to have a focal length f = 500 μm with a phase function of Fig. 2b ) corresponds to a "vortex" lens able to focus the input beam while transferring OAM [14] , [15] , to the transmitted beam. In cylindrical coordinates the phase function for a vortex lens of focal length f and order is
This type of lens adds units of OAM to every transmitted photon, generating chiral light that is used today for various applications from quantum information [16] to sub-wavelength optical imaging with non-linear spectroscopy [17] to tera-bit data transmission [18] .
III. DISCUSSION AND APPLICATION
These lenses were characterized by using the output from a single-mode fiber at 850 nm. We imaged the fiber output using our resonant lens and measured the near-and far-field profiles with a CCD camera. The near-field location was determined by the smallest spot size as we translated the camera along the transmission axis. For the = 0 aspheric lens, a Gaussian-shaped image from the single-mode core was measured as shown in Fig. 2e ), corresponding to a diffractionlimited spot with an overall efficiency in excess of 70%. The deviation from the 93% theoretical value is attributed to optical scattering originating from random fluctuations in the post diameters.
In the case of the = 1 lens, the incident Gaussian beam was transformed into a donut-shaped vortex beam leaving an intensity null at the center. From simulated results the profile shape for the = 1 lenses has an overlap match of ∼85% with the corresponding Laguerre-Gaussian (LG) [19] (m = 0, = 1) mode basis set. The remaining power from the incident beam gets converted into other higher order radial modes.
To further investigate the limits of the mode conversion capability of our lenses, we tested lenses with an OAM ranging from = 4 to = 7. We measured both the nearfield and far-field characteristics of our OAM beams and verified that the mode numbers match to that expected from an LG basis set. The overlap is not perfect with a single LG mode. As mentioned above, we are exciting a set of LG modes with the majority of the power in the (m= 0, ) mode. Sample transverse profiles of the imaged waist are shown in Fig. 3a) . For an = 4 lens, the ratio of the inner diameter to the outer-most diameter is 50% measured at the full width at half maximum. This fraction increased linearly with OAM number. At = 7, the fraction is 65%. Fig. 3b) and 3c) shows the near-field and far-field images of the transverse profile of the = 7 HCG lens (see video supplement of beam propagation). These higher order OAM grating lenses can be used to suppress reflections in fiber optic transmission links [20] . For example, if an OAM lens is used to image a single-mode fiber onto a photodetector, any light reflected back through the lens will experience a doubling of the OAM value and the resulting donut-shaped reflected image will not couple back into the core of the single-mode fiber. Fig. 4a) shows our experimental setup. The tapered angle fiber was used here to prevent back-reflected light at the fiber-air interface. The mirror reflects the light back through the HCG towards the source fiber. The mirror is tilted along the X-and Y-axis to map out the power coupling profile of the reflected signal coupled back into the single-mode fiber input.
For the = 0 lens, the back reflected signal shows an expected Gaussian-like shape with a maximum at zero tilt. In contrast, for both the = 1 and = 2 lenses, we measured a minimum in the reflected power when the mirror had a zero tilt angle relative to the incident beam. These reflection profiles are consistent with a donut-shaped reflected image. We demonstrated greater than 25 dB of additional reflected mode suppression using the = 1 and = 2 lenses relative to a standard (i.e. = 0) lens. Moreover, higher order modes (e.g. = 4 to = 7) have larger center intensity nulls than lower order modes, and thus can make for an isolator with greater angular misalignment tolerance.
IV. CONCLUSION
Although the HCG posts presented in this letter are surrounded mostly by air, they can also be design to accommodate any input/output media as long as it offers enough indexcontrast with the post material. For instance, the lenses can be fully embedded in a glass matrix and stacked in the vertical dimension to provide light guidance inside a silicon chip. Beyond their important applications to optical interconnects and fiber optic transmission, silicon lenses and phase plates that are easy to mass-produce will find many applications to widespread consumer products, replacing microlens arrays in image sensors and compound glass lens used in CD/DVD/BLURAY.
